Abstract
67
analysis based on more than 250 studies, we found great uncertainty in total ecosystem carbon for several major land 68 covers that are related to important land-use transitions in SE Asia (Ziegler et al., 2012) . Some of this uncertainty 69 stemmed from our calculation of BGC from a limited number of root:shoot ratio (RSR) data readily available in the 70 literature. Herein, we improve upon these carbon stock estimates by reviewing relevant studies/papers of below ground 71 root biomass from the SE Asia region. In addition to providing a summary of BGC estimates and root:shoot ratios for 72 vegetation types that are commonly associated with on-going and projected land-cover change, we also assess data 73 availability and quality, as they affect the accuracy of carbon accounting for land-cover change scenarios.
75

Review of below-ground woody carbon biomass
76
The countries considered in this review are Brunei, Cambodia, southern China, Indonesia, Lao PDR, Malaysia
77
(Peninsular and Insular combined), Myanmar, Papua New Guinea, the Phillippines, Singapore, Thailand, Timor Leste,
78
and Vietnam. Many of these countries are affected by on-going and drastic land-cover conversions, including forest 79 conversion to permanent cropping systems and/or plantations (e.g., rubber, oil palm), transitions from swidden 
88
(countries with only one forest study), no correlation existed between data availability and the number of 89 proposed/ongoing REDD+ type projects (Table 1) . Some countries with substantial REDD+ activity (excluding
90
Indonesia) had limited data-e.g., Vietnam, Papua New Guinea, Cambodia, and the Philippines.
91
Characteristics of individual land-covers appearing in the 11 categories, and notes regarding the biomass 92 determinations for each study, are listed by country in Table S1 . Biomass values for more than 300 sites/plots were 93 found throughout the 12 SE Asia countries (Table S1 ). Only a handful of the studies reviewed reported carbon values, 94 therefore, most of the BGC values we refer to were converted by us from biomass estimates by multiplying by 50% (cf.
95 Smith et al., 2010) . Owing to insufficient data, we were not able to separate land-cover classes according to climatic 96 regimes or geographical variables that may have affected plant physiology. Because of a lack of standardization of 97 vegetation classification nomenclature (cf. Maxwell, 2004 ), a variety of vegetation types were lumped into some common 98 land-cover classes. For example, forests combined both evergreen and deciduous lowland forest types. In addition 99 savannah forests and ambiguous forest types were also placed in this class. We did however separate mangroves and peat 100 forests because of their known high soil organic carbon (SOC) contents. The orchard and tree plantations group 101 included a range of timber and fruit-bearing trees: e.g., Acacia sp., Eucalyptus sp., teak, cocoa, cinnamon, mango, and 102 longan. Because of insufficient data, we also use a general swidden fallow group, as opposed to splitting into short-, 
119
Mangrove Forest
120
More below-ground biomass data were available for mangroves than any other land-cover in the region (Table 1): 115   121 values were determined for sites/plots mostly located in Vietnam (55), Thailand (27), and Indonesia (23). Biomass data
122
were reported for a range of species, as well as a range of ages (e.g., from 1-year to mature stands). The BGC values had 123 the highest range of all land covers, as well as the highest values: <1 to 255 Mg C ha -1 (Figure 1a ; Table S1 ). Most of the 124 low values (< 6 Mg C ha -1 ) were associated with stands < 8 years of age. Some low outliers were determined solely from 
128
BGC values at these sites are > 110 Mg C ha -1 , higher than the maximum BGC values associated in most other locations.
129
Despite the extensive work performed in the biomass calculations at the Ranong site (trench excavations), we considered 130 the highest value as an outlier. Therefore, our adjusted range of BGC values for mangroves is 12-219 Mg C ha -1 (Figure   131 1a). The reported range of RSR was 0.02-5.60 (Table S1 ). The high value was for a high intertidal zone inhabited by 3 132 year old Ceriops decandra (Griff) Ding Hou. The unusually high RSR was due to the inclusion of dead roots (Alongi and 
137
Forest
138
Of the approximately 61 BGC values for forests, most were determined from biomass estimates made in Malaysia (18),
139
southern China (12), Cambodia (10), and Thailand (9). Forest BGC values ranged from 1-90 Mg C ha -1 (Table S1 ). The 
143
Across all sites, many values were determined from published allometric equations (i.e., not determined from in situ 144 measurements). Most of the low outliers we excluded in this class were determined in studies that only considered fine 145 roots. In other cases we excluded values for which we could not assess the sampling protocol. Thus, from the range of 
151
Peat forests
152
Peat forest BGC ranged from 3-71 Mg C ha -1 , for nine sites/plots in Indonesia and Malaysia (Table S1) 
165
Other tree plantations
166
Other tree plantation BGC values range from 1-49 Mg C ha -1 (Table S1 ). The lowest values were associated with young 167 plantations, including Acacia sp. and cashew, in Indonesia and Malaysia. Values < 3 Mg C ha -1 were determined with 168 established root:shoot ratios for longan and mixed fruit plantations in Vietnam (Zemek, 2009 Figure 1a ). Root:shoot ratios for this class ranged from 0.07 to 1.11 (Table S1 ). Again, 176 the high value was for a mature teak plantation in Thailand (Hiratsuka et al 2005) . Both the second highest value (0.57) 177 and the lowest value was determined for a young (4 year) Acacia sp. plantation in Sabah, Malaysis (Nykvist et al., 1996) .
178
After removing outliers, we derive an adjusted range of 0.11 to 0.39. The high end of this range is associated with 10-179 year cashew and 9-year cocoa plantations. The median and midpoint of our adjusted range was 0.21 and 0.25 (Table 2; 180 Figure 1b ). The graph-derived value is 0.23 (from Figure 2) .
182
Logged-over forest
183
Data existed in seven countries from which the range for BGC could be estimated for logged-over forests ( 
195
Rubber Plantations
196
Below-ground biomass data for rubber plantations existed for only six sites in Cambodia, China, and Thailand (Table 1) .
197
In Thailand, a BGC value of 31 Mg C ha -1 was associated with determinations made from above-ground biomass using 
206
Oil Palm Plantations
207
A narrow range of low oil palm BGC values could be estimated for 15 plots/sites in Malaysia and Indonesia (Table S1) 
219
Swidden Fallows
220
Swidden fallows BGC values ranged from 3-16 Mg C ha -1 for 10 site/plots in China, Indonesia, and Malaysia (Table S1 ).
221
Trends were not straightforward in this category, which included young, intermediate, and long fallows. For example, 
231
The median of our adjusted range is 0.25; the midpoint is 0.24. The plot of AGC versus BGC shows much scatter, but 232 the patterns support a value of 0.26. Here we recognize that BGC of certain fallows may in some cases be more 233 accurately represented by the range of values for other groups: e.g., GPS (for short fallows), LOF (for long fallows). In 234 this case the values could either be higher or lower. We also emphasize again that the presence of bamboo will elevate 235 both BGC and the RSR.
237
Agro-forestry
238
All ten non-swidden agroforestry BGC values originate from Indonesia; and they ranged from 0.04-16 Mg C ha -1 (Table   239 1, S1). The lowest values were associated with the first year of cropping of bamboo talun-kebun agroforestry system 
250
Grasslands, pastures, and shrublands
251
Grasslands BGC could be derived for five sites/plots in Thailand and Indonesia. Values ranged from 1-4 Mg C ha -1 252 (Table S1 ). The highest value was for Imperata grasslands in East Kalimantan in Indonesia (Syahrinudin, 2005) . The low 
258
The graph-derived estimate of the RSR is 0.78. We note that the RSR could be either very low or very high for this 259 diverse land-cover category, depending on the species composition of the land cover-however, too few data exist to 260 make an accurate assessment.
262
Permanent cropland
263
Eight values of BGC for permanent crops could be derived from two locations in Thailand and one in Vietnam (range = 264 1-5 Mg C ha -1 ; Table S1 ). Of these, only the value (2 Mg ha -1 ) from a mixed agriculture site in northern Thailand was 265 based on in situ sampling (Pibumrung et al., 2008) . While this site included a mixture of rice paddy, corn fields, fallows, 
276
Data limitations and uncertainty
277
We considered all reported data in our effort to develop plausible ranges of below-ground carbon and root:shoot ratios,
278
despite potential flaws and differences in collection methods. In order to increase the pool of available BGC data, we 279 have included studies that were undertaken for a variety of purposes, not solely biomass estimations. Adjusting the 280 ranges by eliminating distinct outliers, in part, addresses the issue of underestimating total root biomass by some studies.
281
Admittedly, the minimum values for many of the ranges still do appear too low for mature stands. If this is the case, 282 using the medians, means, or range midpoints as a typical value for a particular class would also be low. The high 283 frequency of use of general allometric equations-including root:shoot ratios-is of concern for generating this
284
Page 6 of 15 6 summary because these data may not be truly representative of mature vegetation at the particular study site.
285
Amalgamating land covers that contain myriad different plant species into the various operational categories (e.g., forests,
286
OTP) also created uncertainty. However, a more important source of uncertainty was the non-standardization of 287 sampling methods. Here we discuss some of the limitations we encountered during the review.
288
The methods employed in any one case often depended on geographical variables affecting accessibility, as well as the 289 type of vegetation considered. In general, soil cores were used for determining fine root biomass; and published 290 allometric equations were often used to determine total root biomass (fine + coarse roots). The most popular method 291 applied in forests was allometric relationships, followed by soil cores, soil pits and root excavation. Similarly, BGC from 292 orchards, tree and rubber plantations were mostly derived from indirect methods, whereas biomass data from logged 293 forest, oil palm, agroforest, peat forest, swidden fallows and grasslands were determined largely from direct methods 294 such as cores and pits. The few available permanent crop BGC data were determined from indirect methods; all but one 295 was determined by root:shoot ratios. Mangrove values were determined from a fairly equal mix of direct and indirect 296 methods. Again, of concern was the dependence on pre-existing allometric relationships rather than the determination 297 of new site-specific ones (eg. Komiyama et al., 2005) . Granted, it is extremely difficult to perform destructive sampling 298 to make these determinations, but the point we are making is that failing to do so introduces uncertainty in the 299 determination of below ground biomass and the associated carbon. 
306
and/or anchored into bedrock are often not sampled sufficiently. Nevertheless, roots will inevitably be lost during the 307 excavation process due to accidental breakage. The great need for manpower and/or machinery to facilitate root 308 removal is likely one of the reasons that only about 10% of the data were derived from root extraction methods.
309
Studies using multiple methods arguably provide more accurate biomass estimates. Pinard and Putz (1996) , for 310 example, used soil monoliths (pits) to study coarse roots (>5 mm diameter) and soil cores to measure fine roots (<5 mm 
319
that fine root biomass determined from soil cores was 27% higher than that determined from soil pits.
320
Root biomass estimates in the reviewed studies included either or both fine and coarse roots, but there was no 321 standardization for separating the two. In general, two-to-five millimeters was commonly used, although it varied with 
328
Again, we point out that the motivation of the reviewed studies was not always for biomass determinations.
329
Although, rarely mentioned, processing errors may produce underestimates when roots are sampled directly. 
338
Many of the case studies we reviewed arguably sampled too small an area to capture the spatial resolution of 339 BGC in the stand. For example, the number of replicates in the reviewed studies for forest ranged from 2 cores within a 340 30-60 ha plot (Pinard and Putz, 1996) to 160 cores within one 8-ha landform unit (Pibumrung et al., 2008) . Figure 3a Page 7 of 15 7 shows the great variability in root biomass at depths down to 1 m for four replicate cores collected in a secondary forest.
342
In addition, root biomass estimated within the upper 2 m of two duplicate soil pits in the same secondary forest differed 343 by almost three-fold (7 versus 18 Mg C ha -1 ; Figure 3b ). These examples demonstrate the need for sufficient sample 344 replicates to capture the spatial variability. With respect to temporal variability, most of the reviewed studies were one- 
357
Caution is needed when using generalized relationships because they may not be representative of the characteristics of 
365
Total vegetation carbon stocks
366
The ranges of BGC we have determined for some land covers are slightly different from those we reported in the prior 
371
values for mangrove and peat forests were determined from new data presented in Table S1 , for which obvious outliers 
373
The mangrove and peat forest calculations were complicated because soil profiles for these vegetation types 
384
The rationale of these new TEC estimates is to explore the plausible impacts of changes from one land cover 385 to another in the region. Such comparisons are often the starting points in any proposal related to REDD+ or other 386 carbon accounting endeavors. Ideally such studies would collect site-specific data, but this is not always the case. In 387 absence of other more detailed data, it is evident from the values in Table 3 
399
Our analysis revealed that careful attention should be given to sampling to appropriate depths, obtaining sufficient 400 replicates, and using appropriate sampling intervals to capture accurately heterogeneous root distribution, both vertically 401 and laterally (cf. Moore and McCabe, 1999) . Detailed information should also be presented to provide clarity and aid in 402 interpretations. When applicable, roots should not be amalgamated into a single category, but partitioned into live and 403 dead roots. Information on the distribution of root lengths and depths for species should also be recorded. Where 404 indirect methods are to be used, information should be validated against direct methods as a form of quality control. In 405 most cases, multiple methods should be used to substantiate common calculations and provide the most accurate 406 calculation for particular root types (e.g., coarse versus fine). Long-term sampling to account for temporal variability in 407 root dynamics at a given site should be considered. In general, time-average carbon stocks are preferential for comparing 
410
In most cases, the use of general allometric equations or RSRs is not as desirable as using one determined 
447
Achieving greater certainty in terrestrial carbon stock, while challenging, will allow improved assessments of stock losses 448 associated with the rapid landscape changes now taking place in the region. This is particularly true at forest frontier 449 areas where rapid conversion from traditional land covers to high value plantations (oil palm, rubber) is occurring at 450 unprecedented rates (Ziegler et 
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